This paper presents the application of grounding resistance measurement by fall of potential with high current injection, applied to the Transmission Line (TL) of 500 kV of Santo Antonio Hydroelectric Power Station (HPS), located in the city of Porto Velho/RO, for the commissioning of the power house grounding system in Generation Group (GG2) and TL during construction of the referred project. Based on measurements obtained in field, computer simulations were performed to assess the effectiveness of the grounding system on future fault scenarios of the TL, as well as the suitability of relevant protection functions. The computer simulations are based on the model developed for TL 500 kV of GG2, and are performed using the PSCAD/EMTDC software, including the grounding values derived from the design of high current injection, according to (IEEE Std 80-2013). In order to attest the efficacy of both GG2 grounding system and TL from the HPS, COMTRADE files, obtained by the software, were used in the simulator Doble 6150 for the design of distinct fault conditions in a SEL-421 relay. Results indicate the correct functioning of relay SEL-421, corroborating the effectiveness of both grounding system and measurement method.
Introduction
According to the public bidding of energy transmission number 007-2008 from the National Electric Energy Agency (ANEEL)-Brazil, technical reports [1] were presented for the integration of two Hydroelectric Power Stations (HPS) of the Madeira River (Jirau HPS and Santo Antonio HPS) to the National Interconnected System (SIN), through a transmission line of 500 kV. Those hydroelectric plants are located in the Amazon region, city of Porto Velho/RO, Brazil.
ANEEL studies also showed the features and technical requirements for the implementation of the transmission installations composed by the rectifier station of 500 kV alternating current to the direct current of ±600 kV, with installed power of 2950 MW. This paper proposes a new method for testing the grounding resistance, in which one of the phase conductor cables functions as current auxiliary electrode.
The potentials are measured on the ground surface, with the lightning rod cable as reference. In order to obtain reliable grounding resistance values and in comparison with the requirements of IEEE Std. 80, Section 2 describes the transmission system model and testing design developed. Such models aim at not only supporting those values, but also the grounding grid performance, considering ground faults, based on the quadrilateral distance protection (ANSI 21) [3] , and with the use of the grounding resistance element on all spans of the transmission 
Proposed Method
In case of injection of electric current into the earth, either by the occurrence of a fault in the installation or by atmospheric discharges, the currents dispersed through the grounding system causes the raise of electric potential differences between points in the ground surface (surface voltages), which produces touch and step voltages, that poses life risk [2] . Furthermore, there is risk of damage caused by the potential transferred for circuits that are somehow connected to the grounding system and to points distant to the ground surface, or even to other remote grounding systems. The used method consists of injecting a square current at high frequency (25 kHz) and high current (maximum of 20 A), involving the collector substation and the (GG2) engine room with lightning rod cables of the transmission line. For this frequency, the inductive impedance of the ground wire is not significant, which reduces the effect of other adjacent
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A device to measure the grounding resistance by selecting the TL-2 as current circuit [2] is used to extract the measurements, including the grounding resistance of the tower supporting foot. The extent of grounding systems, such as grids, balances, and metallic pipes, are measured considering only the nearest passage from the connection point, in a way that the measured value represents the behavior in face of an impulse signal, similar to an atmospheric discharge [4] . In this way, the values that better represent the system capability are obtained in order to conduct the atmospheric discharge to the ground, in a more efficient manner when compared to the values derived from conventional devices with low frequency, even when the ground wire is not connected. The test is performed by circulating a current through the ground diffusion resistance, and through an auxiliary electrode, called current electrode, and measuring the voltage between the resistance grounding and another auxiliary electrode, stuck on the ground in a flat area of the created potential by the flowing current (potential level).
The instrument has a capacitor bank that, by means of the measurement of the resonance frequency, also allows the evaluation of the inductive reactance of the grounding system. The tuning process is automatic and the equipment displays both the value of the equivalent inductance and the capacitance that produces the tuning. The current injected by the earth meter is automatically adjusted to the predetermined value, and the equipment directly indicates the resistance value in its alphanumeric display. In order to avoid the superposition between the regions of influence [7] [8], the de-energized phases of the TL were used as current electrode, which belongs to the GG2 line passage under testing, thus connecting to the structure and simulating a short-circuit as illustrated in Figure 4. 
Assessment of Protection Effectiveness of through Resistance Elements (ANSI 21 Quadrilateral)
An experimental practical mounting was developed to evaluate the effectiveness of the grounding system, in which the resistance values were obtained by the design of high current injection and used in a simulation of the protection logic, 
where: • L ϕ is the phase angle of the short-circuit current;
• E ϕ is the phase angle of the neutral current of short circuit;
R R e E L X X are the parameters set in the relay for residual compensation.
The effect of fault on load (phase A) is calculated according to Equation (2):
The effect of fault on load to the (stage B and C) is calculated according to Equation (3): 
For performance of distance protection simultaneous measurements of impedanceare performed with 6 loops (
. Ground loops are evaluated when there is a recognition of fault to earth. Phase-phase loops are evaluated when the current and both phases exceeds this same set value, according to Equation (4).
where U e I are complex values measured and Z R jX = + is the impedance of the line.
The impedance of the line is calculated according to Equation (5):
Generalizing the impedance calculation between phases (A and B) we obtain the Equation (6):
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OALib Journal According to [3] the faulty stage is not always in phase with the total current of fault, I F , thus, is not very suitable as reference signal or polarization. The negative sequence current is a more efficient option. Equation (7) displays the measured residual current in each of the busbar presented in Table 1 . For systems where
, the phase angle of I R is equal to that of I F , regardless of the charging condition and fault resistance.
According to [3] , the major advantage of this fault resistance element is that its measurement is not significantly affected by the loading conditions. This allows the resistive limit to be set to a value greater than the apparent minimum charge impedance. 
Practical Scheme
The first step of the practical scheme is to simulate diverse fault conditions considering the resistance values of grounding (R T ) measured in field and fault resistances (R F ) collected calculated with PSCAD/EMTDC software. Those measurements are presented in Table 2 .
The extraction of fault files is done in the second step in COMTRADE format (Common Format for Transient Data Exchange for power systems). In the third step, these files are provided to the simulator (Doble F6150) for the files in COMTRADE format for characterization of certain situations tests on the protection logic. The fourth step is characterized by the evaluation of the relay operation behavior regarding the simulated situations. Figure 7 shows the testing layout set in the laboratory. and acted independently, as presented in Figure 10 , for the logic diagram implemented in relay SEL-421, and as presented in Figure 11 , for the modeled logic diagram in the software PSCAD/EMTDC [9] [10].
Functions BFPU1 and BFPU2 in the SEL-421 relay are implemented and tested in a time based manner, in which it must be continually present to result in the trip for multiple faults of the fault protection logic of circuit breakers 1 and 2, with maximum operating time of ten cycles for B1 and B2. The detection logic of the high-speed open pole was set for a pickup current below the minimum charge current, providing sensitivity without harming the speed of the dropout time. This condition is met, even in scenarios where there is a delay that drops the current in the CT secondary to zero, due to the magnetic flow, the detection the of the circuit breaker opening is performed at high speed [11] [12]
and [13] . For each test, Table 3 summarizes the measured ground R T (Ω), calculated fault resistances R F (Ω) and current I F (kA), the distance from which the relay identified the fault, the zones performed by the relay and the fault phase. Adopt as maximum value permissible in measurements of grounding system with the acquisition of 125 samples by 2.34 Ω value mesh, as constant calculation method in Annex B of the IEEE Standard 80-2015. 
Results

Conclusion
Based on the response results of the SEL-421 relay, it was possible to verify its correct usage for each applied fault condition, allowing the validation of the entire process. Results indicate the effectiveness of the resistance measuring method of global grounding (involving substation, engine room with lightning rod cables of the transmission line), and the simulation in the PSCAD/EMTDC of the interconnection system of Santo Antonio HPS to SIN. Finally, the suitability of the relay parametrization and the values obtained by the simulations were also verified, which were used to acquire the COMTRADE file that can be used as validation guidelines in protection studies. The high-current injection system is a reliable alternative for the potential drop method with low currents, as well as for determining the resistance or impedance of grounding systems.
